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set	 of	 bacteria	 inhabiting	 the	 honey	 bee	 gut,	 our	 results	 suggest	 that	 the	 broad	
	environment	 that	 bees	 are	 exposed	 to	 has	 some	 influence	on	 the	 relative	 abun-
dance	of	some	members	of	that	microbial	community.	This	includes	known	domi-




bacteria.	 This	 work	 emphasizes	 the	 complexity	 of	 the	 relationship	 between	 the	
host,	its	gut	bacteria,	and	the	environment	and	identifies	target	microbial	taxa	for	
functional	analyses.
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1  | INTRODUCTION
Individual	 animals	 are	 often	 considered	 discrete	 entities;	 however,	
the	microbial	symbionts	they	host	are	increasingly	recognized	as	key	





from	nutrition	 to	defense,	 and	with	 influences	on	 reproduction	 and	
speciation	(e.g.	Brucker	&	Bordenstein,	2013;	Feldhaar,	2011;	Jaenike,	
Unckless,	Cockburn,	Boelio,	&	Perlman,	2010).	Many	of	these	symbi-




2016;	 Ishak	et	al.,	 2011;	Martinson	et	al.,	 2011;	Rosengaus,	Zecher,	
Schultheis,	Brucker,	&	Bordenstein,	2011).
Social	 insects,	and	specifically	honey	bees,	are	important	models	
















and	 success	 of	 colonies,	 is	 the	 composition	 and	 function	 of	 their	
microbial	 community	 (e.g.	 Engel,	 Martinson,	 &	 Moran,	 2012;	 Koch	
&	 Schmid-	Hempel,	 2011b;	 Moran,	 2015).	 In	 recent	 surveys,	 adult	
honey	bees	and	bumblebees	have	been	shown	to	harbor	a	relatively	
simple	and	unique	gut	microbiota	that	is	not	present	in	solitary	bees	
(Cox-	Foster	 et	al.,	 2007;	 Jeyaprakash,	 Hoy,	 &	 Allsopp,	 2003;	 Koch	
















Joller,	 Romeis,	 Bigler,	 &	 Widmer,	 2006;	 Corby-	Harris,	 Maes,	 &	
Anderson,	 2014;	 Jeyaprakash	 et	al.,	 2003;	 Martinson	 et	al.,	 2011;	
Moran,	Hansen,	Powell,	&	Sabree,	2012;	Sabree,	Hansen,	&	Moran,	
2012).	 These	 include	 five	 core	 species	 clusters,	 two	 abundant	 and	
ubiquitous	 gram-	negative	 species	 clusters	 from	 the	 Proteobacteria	
phylum,	 Snodgrasssella alvi	 and	Gilliamella apicola	 (Kwong	 &	Moran,	
2013),	 two	 abundant	 and	 ubiquitous	 gram-	positive	 species	 clusters	
in	 the	 Firmicutes	 Phylum	 referred	 to	 as	 Lactobacillus	 Firm-	4,	 and	
Lactobacillus	Firm-	5	clades	(Babendreier	et	al.,	2006;	Martinson	et	al.,	
2011),	 and	 the	 species	 cluster	 Bifidobacterium asteroides	 from	 the	
Actinobacterium	phylum	(Bottacini	et	al.,	2012;	Scardovi	&	Trovatelli,	
1969).	 Four	 additional	 species	 clusters	 that	 are	 prevalent	 but	 can	
occur	at	lower	frequencies	are	the	proteobacteria	–	Frischella perrara,	
Bartonella apis,	 and	 two	Acetobacteraceae,	Alpha2.1,	 and	Alpha	 2.2	




are	also	found	 in	the	hive	environment,	as	 in	Alpha	2.2	 in	particular	
(Corby-	Harris,	Synder,	et	al.,	2014;	Kwong	&	Moran,	2016).
Importantly,	the	current	paradigm	is	that	the	core	bacterial	com-
munity	 of	 honey	 bees	 is	 relatively	 constant	 across	 populations	 and	
geographical	areas	(Cox-	Foster	et	al.,	2007;	Jeyaprakash	et	al.,	2003;	
Martinson	 et	al.,	 2011;	 Mohr	 &	 Tebbe,	 2006;	 Moran	 et	al.,	 2012;	
Sabree	et	al.,	2012).	Here,	we	test	 this	by	comparing	the	gut	micro-
bial	 communities	of	 honey	bees	 in	 two	 landscapes	using	16S	 rRNA	
gene	profiling.	We	focus	on	exposure	to	the	mass-	flowering	crop	oil-




icotinoid	 pesticides	 that	 have	 been	 implicated	 in	 pollinator	 declines	
(Suryanarayanan,	 2015).	 We	 therefore	 compared	 the	 gut	 bacterial	
communities	of	honey	bees	exposed	to	OSR	farms	with	 those	 from	
agricultural	environments	distant	to	fields	of	flowering	OSR.
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suggested	all	colonies	were	disease	free.	Colonies	differed	in	genetic	
background	but	were	randomly	allocated	to	landscapes	so	differences	
in	 genetic	 background	would	 not	 confound	 results.	 The	 honey	 bee	
colonies	were	then	placed	at	six	different	locations	in	two	landscape	
types	 in	the	southern	UK	(on	2–4	April	2014;	Figure	1):	 (i)	 farmland	
areas	 immediately	adjacent	 to	 (<5	m)	 large	 (≥0.38	km2)	oilseed	 rape	
(OSR)	 fields	 that	 were	 in	 flower	 and	 had	 been	 seed-	treated	 with	
thiamethoxam	(Cruiser,	Syngenta	Ltd.);	(ii)	agricultural	land	distant	to	























empty	 frames	and	 locations	within	each	 colony	 to	provide	a	 repre-
sentative	sample	from	the	OSR	bloom	period.
As	 outlined	 in	 Balfour	 et	al.	 (2017),	 samples	 were	 analyzed	 for	
neonicotinoid	 concentrations	 (thiamethoxam	 and	 its	 metabolite	
clothianidin)	by	SAL	 (Scientific	Analysis	 Laboratory	Ltd.,	Cambridge),	












2.2 | DNA extraction, amplification, and sequencing
After	thawing	for	1–2	min,	the	gut	of	each	individual,	from	the	midgut	
to	the	hindgut,	and	not	including	the	crop,	was	dissected	under	sterile	
conditions.	 DNA	 extractions	 of	 individual	 guts	were	 performed	 im-
mediately	after	dissection	using	the	Zymo	Research	Tissue	and	Insect	
DNA	MiniPrep	(Cambridge	Biosciences,	Cambridge,	UK)	following	the	



















2.3 | Sequence processing and characterization of 
microbial communities
The	 LotuS	 pipeline	 was	 used	 for	 amplicon	 sequence	 processing	
(Hildebrand,	 Tadeo,	 Voigt,	 Bork,	 &	 Raes,	 2014)	 using	 the	 following	
optional	LotuS	command	line	options:	“-	p	miSeq	derepMin	8:1,4:2,3:3	
–simBasedTaxo	2	–refDB	SLV	 thr	8.”	The	pipeline	was	used	 to	de-
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In	total,	11,636,723	reads	were	clustered	at	sequence	level	with	
UPARSE	(Edgar,	2013),	creating	a	set	of	de	novo	OTUs	that	can	later	
be	 compared	 to	 databases	 of	 known	 sequences.	 Chimeric	 OTUs	




with	 FLASH	 (Magoč	 &	 Salzberg,	 2011),	 and	 aligned	 with	 Lambda	









onomic	 identity	based	on	 the	alignments	 to	known	bee	 taxa.	OTUs	
were	 summed	 to	 genus,	 family,	 class,	 and	phylum	 level	 per	 sample,	
according	to	their	taxonomic	classification.
2.4 | Statistical analyses and comparisons of 
microbial communities
All	 analyses,	 unless	 otherwise	 specified,	 were	 conducted	 using	 the	
LotuS	outputs	in	R	with	the	packages	vegan,	phyloseq,	phangorn,	and	
ggplot2	(Castro-	Conde	&	de	Uña	Álvarez,	2014;	McMurdie	&	Holmes,	









each	 of	 the	 dissimilarity	matrices	 obtained	 from	 the	 other	 rarefied	









To	 investigate	 patterns	 of	 microbial	 community	 diversity,	 we	
computed	 dissimilarity	matrices	 using	 Bray–Curtis	 dissimilarity	 and	
Unifrac	 weighted	 and	 unweighted	 distances.	 Bray–Curtis	 dissimi-
larity	reflects	community	composition,	while	UniFrac	distances	take	
into	account	 the	phylogenetic	 relationships	among	members	of	 the	
bacterial	communities	(Lozupone	&	Knight,	2005).	UniFrac	distances	
are	then	either	weighted	by	OTU	abundance	or	unweighted,	where	
only	 the	 presence/absence	 of	 taxa/OTUs	 is	 considered.	These	 dis-
similarity	 matrices	 were	 used	 to	 produce	 exploratory	 ordinations	
using	nonmetric	multidimensional	scaling	(nMDS)	(Kruskal,	1964a,b).	
Hypothesis	 testing	was	 carried	 out	 using	 permutational	MANOVA	
(PERMANOVA)	 (Anderson,	 2001).	 This	 approach	 is	 analogous	 to	
multivariate	analysis	of	variance	(MANOVA)	but	uses	a	dissimilarity	
matrix	 as	 the	 dependent	 variable	 (as	 opposed	 to	 a	 set	 of	 continu-
ous	 variables	 as	 in	MANOVA).	 Being	 analogous	 to	 a	MANOVA,	 in	
PERMANOVA	 variation	 in	 distances	 is	 partitioned	 in	 terms	 (two	







To	 identify	variation	 in	 bacterial	 taxa	 in	 honey	 bees	 exposed	 to	



























3.1 | Bacterial sequences and classification
We	obtained	a	total	of	11,636,723	16S	rRNA	V4	region	sequences	from	
the	 108	 sampled	 bees	 from	 the	 two	 landscape	 exposure	 conditions.	
After	quality	 filtering,	 the	number	of	 sequences	obtained	per	 sample	
ranged	 from	236,463	 to	400,075	 reads	which	 clustered	 in	 a	 total	of	
449	different	OTUs.	Unsurprisingly,	the	major	bacterial	taxa	previously	





cies	 level	 (99.93%	to	phylum	 level,	98%	to	family,	and	95%	to	genus	
level)	and	verify	that	the	major	previously	identified	taxa	or	strains	were	
present	 in	 our	 data	 (Neisseriaceae,	 S. alvi;	 Orbaceae,	 G. apicola	 and	




3.2 | Landscape exposure and microbiomes
In	 honey	bee	 colonies	 placed	on	OSR	 farms,	 49%	of	 the	pollen	 col-
lected	was	oilseed	rape.	Colonies	located	distant	from	OSR	farms	col-
lected	 significantly	 less	oilseed	 rape	pollen	 than	colonies	adjacent	 to	





nonscriptus	 (A1,	D1,	D2),	Taraxacum officinale	 (ubiquitous),	Malus do-









were	 below	detection	 levels	 (<0.1	ppb)	with	 an	 average	 of	 0.21	ppb	
(ANOVA,	F1,5	=	8.1,	p = .048;	see	also	Balfour	et	al.,	2017).
Honey	 bees	 from	 the	 two	 landscape	 types	 showed	 signifi-
cant	 differences	 in	 their	 gut	microbial	 communities	 using	 two	 com-
parisons	 (PERMANOVA:	 p	=	.004	 using	 Bray–Curtis	 dissimilarity	
indices,	 p	=	.042	 using	 unweighted	 UniFrac	 distances,	 Table	1),	 the	
PERMANOVA	comparison	using	weighted	UniFrac	distances	was	not	
significant	(p	=	.642).	We	also	find	substantial	–	and	significant	–	vari-
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3.3 | Which gut bacteria differ in bees exposed to 
different landscapes?
To	identify	which	gut	bacterial	taxa	differed	between	bees	exposed	
to	 the	 two	different	 landscape	 types	 focussed	on	 in	 this	 study,	we	
used	 the	 test	 implemented	 in	DESeq2	 (Table	 S2,	 Figure	2)	 and	 the	
ANCOM	procedure.	Notably,	bacterial	taxa	belonging	to	the	phylum	
Proteobacteria	 (the	 recently	 described	 species	 B. apis	 (Kešnerová	
et	al.,	 2016),	were	 found	 to	be	 significantly	different	between	bees	
foraging	on	OSR	 farms	 and	 those	 from	areas	 distant	 to	OSR	 farms	
under	both	ANCOM-	and	the	DESeq2-	based	procedure.	Specifically,	
one	of	the	nine	dominant	species	clusters	of	the	bee	gut	microbiota,	
B. apis,	 (Kwong	&	Moran,	2016)	was	higher	 in	relative	abundance	in	
bees	exposed	to	agricultural	landscapes	distant	to	OSR	(Distant)	than	
bees	 exposed	 to	OSR	 farms	 (OSR;	 Table	 S2,	 Figure	2).	 In	 contrast,	
taxa	assigned	to	the	same	Class	(Alphaproteobacteria)	as	B. apis were 







tant	 to	OSR	farms,	and	much	 lower	 in	abundance	overall	 compared	











higher	 relative	abundance	 in	bees	exposed	 to	OSR	farms.	However,	
we	note	that	similar	to	what	was	found	in	L. kunkeei,	A. adventoris	read	














belonging	 to	dominant	members	of	 the	bee	 gut	microbiota	 are	dif-
ferentially	 represented	 in	bees	 foraging	on	 the	mass-	flowering	crop	
oilseed	rape,	compared	to	those	not	foraging	on	this	crop.
Our	 results	 lend	 further	 support	 to	 the	 presence	 of	 a	 core	 gut	





PERMANOVA df SS MS F R2 p
Landscape	(Bray–Curtis)
Landscape	type 1 0.08 0.08 2.46 0.06 .004
Site 4 0.26 0.06 2.01 0.20 .001
Residuals 30 0.97 0.03 0.74
Total 35 1.30 1.00
Landscape	(Unifrac,	unweighted)
Landscape	type 1 0.08 0.08 2.19 0.06 .042
Site 4 0.24 0.06 1.60 0.17 .042
Residuals 30 1.12 0.04 0.78
Total 35 1.44 1.00
Landscape	(Unifrac,	weighted)
Landscape	type 1 0.01 0.01 0.53 0.01 .642
Site 4 0.12 0.03 2.88 0.27 .016
Residuals 30 0.30 0.01 0.71
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characterized	 also	 being	 found	 in	 our	 samples	 (Moran,	 2015).	High	
consistency	 in	 the	 honey	 bee	microbiome	 suggests	 that	mutualistic	
relationships	exist	between	 the	host	and	at	 least	 some	members	of	
the	community,	and	comparative	analysis	of	gene	contents	conducted	
in	previous	studies	suggest	beneficial	roles	in	nutrition	and	digestion,	





4.1 | Microbial association with landscape exposure
We	found	that	some	members	of	the	dominant	microbial	community	
of	honey	bee	workers	differ	in	relative	abundance	according	to	land-
scape	 exposure.	 These	 results	 are	 concordant	 across	 two	 different	




Overall	 these	 results	 suggest	 that	 the	 environment	 that	 bees	 are	
exposed	 to,	 including	environmental	differences	between	 individual	
sites,	may	affect	 their	microbial	community,	particularly	 the	 relative	
abundance	of	some	key	taxa.
Specifically,	here,	we	focus	on	reporting	taxa	found	to	be	differ-




ative	abundance	of	 a	dominant	member	of	 the	bee	gut	 community,	




2016).	 Further,	 potentially	 key	 in	 the	 context	 of	 different	 environ-
ments,	 it	has	recently	been	shown	that	B. apis	encodes	genes	which	
may	 be	 involved	 in	 the	 degradation	 of	 secondary	 plant	metabolites	
(Segers	et	al.	2017).	By	contrast,	taxa	assigned	to	the	same	Class	as	
B. apis	 (Alphaproteobacteria)	 were	 higher	 in	 relative	 abundance	 in	
bees	foraging	on	OSR	than	those	not	foraging	on	OSR	(supported	sin-
gly	by	DESeq2	and	 therefore	 reported	more	cautiously).	Also	under	
the	 DESeq2	 analysis	 only,	 taxa	 assigned	 to	 the	 Acetobacteraceae,	
Alpha	2.1,	(also	Class	Alphaproteobacteria)	were	also	found	at	higher	





























ther	 carbohydrate-	related	 function	 enriched	 in	 the	 honey	 bee,	 and	
detected	 across	 all	major	 gut	 bacterial	 taxa,	 is	 the	 family	 arabinose	
efflux	 permease	with	many	of	 these	proteins	 showing	homology	 to	
drug	 resistance	efflux	pumps	 (Engel	et	al.,	2012).	 Importantly,	 these	
efflux	pump	functions	may	therefore	be	further	selected	upon	when	
honey	 bees	 are	 exposed	 to	 pesticides	 or	 antimicrobial	 compounds	
(Engel	et	al.,	2012).	Interestingly,	a	recent	study	of	the	gut	microbiome	








environmentally	 acquired	 by	 insect	 hosts	 (Kikuchi	 et	al.,	 2012).	We	
note	that	the	concentrations	of	neonicotinoid	pesticides	detected	in	
our	 studies	 are	 on	 the	 low	end	of	 the	 scale	 compared	 to	 those	 re-










However,	 interestingly,	 Balfour	 et	al.	 (2017)	 showed	 that	 under	 the	
low	 neonicotinoid	 concentrations,	 there	was	 a	 small	 but	 significant	
negative	 relationship	between	pollen	and	honey	contamination,	and	
colony	weight	gain.
Additionally,	 pollen	 from	 different	 plant	 species	 differs	 in	 the	
composition	of	secondary	metabolites	such	as	polyphenols	and	other	
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2013;	 Riedinger,	 Renner,	 Rundlöf,	 Steffan-	Dewenter,	 &	 Holzschuh,	
2014;	 Schürch,	 Couvillon,	 &	 Ratnieks,	 2016;	 Westphal,	 Steffan-	
Dewenter,	 &	 Tscharntke,	 2003).	 Therefore,	 greater	 abundance	 of	
forage	and	of	a	specific	 forage	type	may	drive	microbial	community	
composition.	The	 nutritional	 quality	 of	 pollen,	 also	 including	 the	 al-
ternative	pollen	resources	detected	for	different	sites,	may	also	affect	
community	composition.	For	example,	if	bees	need	to	consume	more	
pollen	 to	 acquire	 sufficient	 nutrients,	 more	 pollen	 may	 potentially	
accumulate	 in	 the	rectum	and	 in	 turn	more	bacteria	may	be	able	 to	
colonize	the	rectum.	In	addition,	higher	stress	levels	have	been	found	
to	 cause	 a	 reduction	 in	microbial	 community	 diversity	 in	 other	 sys-
tems	(Stothart	et	al.,	2016)	and	could	potentially	cause	a	reduction	in	
the	ability	of	worker	bees	to	combat	infections.	Honey	bees	exposed	
to	 the	 neonicotinoid	 imidacloprid,	 for	 example,	 have	 been	 reported	
to	show	an	increase	in	infection	of	Nosema	spp	gut	parasites	(Pettis,	
vanEngelsdorp,	Johnson,	&	Dively,	2012).	We	found	no	difference	in	





hosts)	 has	 received	 comparatively	 little	 attention.	 However,	 habitat	
type	(seminatural	vs.	cranberry	farm	agricultural	sites	in	the	USA)	was	
found	 to	 have	 little	 effect	 on	 bumblebee	 gut	 microbiota	 (Cariveau,	
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